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Atce1 belongs to the CREB3/LZIP subtype of the ATF/CREB transcription factor gene family. Its transcription has previously been shown to
be testis-specific and within the testis to be restricted to haploid spermatids. In this study, we characterized the protein's distribution in the testis
and found that it accumulates in late round and in elongating spermatids, corresponding to developmental stages considered transcriptionally
silent. ATCE1 accumulation is acrosome-specific and persists up to mature epididymal cells, at which stage the protein remained associated with
the inner acrosome membrane even after acrosomal reaction. No nuclear localization was evident at any spermatogenic stage. Expression of full-
length ATCE1 in various cell lines revealed ER and Golgi localization whereas truncation of the C-terminus allowed entrance into the nucleus.
Potent transcriptional activation activity, from kB-containing regulatory elements (but not from CRE elements as one might expect), was observed
using the C-terminally truncated nuclear form of ATCE1. These results raise the question of why would a transcription factor be specifically
anchored to the acrosome inner membrane? An intriguing speculation that ATCE1 might be paternally delivered to the newly formed zygote is
discussed.
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An important molecular regulatory mechanism that has been
shown to operate at different stages of spermatogenesis is the
cAMP-dependent transcriptional regulation. Two predominant
transcription factors, which take part in this pathway, are CREB
(cAMP-responsive element binding protein) and CREM
(cAMP-responsive element modulator). Both factors contain a
basic domain/leucine zipper motif (bZIP) through which they
bind a specific cis DNA element, designated cAMP-responsive
element (CRE), present in the promoter of target genes. cAMP-
dependent phosphorylation of a specific serine residue (S133 on
CREB and S117 on CREM) activates these transcription factors
to bind p300/CBP (CREB binding protein), a co-activator that
recruits the basal transcription machinery to enable transcription
initiation (Andrisani, 1999; Behr and Weinbauer, 1999). CREB
plays an important role mainly in Sertoli cells (Andrisani, 1999;
De et al., 1993) while CREM is more dominant in germ cells
(for a review, see Don and Stelzer, 2002). As spermatocytes⁎ Corresponding author. Fax: +972 3 5351824.
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prominent switch occurs from inhibitory to activating isoforms
of CREM (De Cesare et al., 2000). An interesting feature of
CREM activity in haploid round spermatids is its phosphoryla-
tion independence. It has been shown that CREMô transcription
factors interact with ACT (activator of CREM in testis), which
functions as a co-activator, thus bypassing the requirement for
the phosphorylation-dependent binding to CBP (Fimia et al.,
1999).
Atce1 was identified in a two-hybrid screen for mouse genes
that might interact with TCTEX2 (Stelzer and Don, 2002) and
simultaneously as Tisp40 in a search for mouse genes that are
significantly upregulated during spermiogenesis (Fujii et al.,
2002). Its polypeptide contains a basic domain followed by a
leucine zipper motif (bZIP domain). The six C-terminal amino
acids of the basic domain constitute a putative nuclear local-
ization signal. In addition, two glutamine-rich regions are
present. The first is located at the amino terminal region of the
peptide and the second is included in the leucine zipper region
and extends beyond it towards the carboxy end of the peptide
(Stelzer and Don, 2002). This peptide shows significant homo-
logy to a CREB subfamily whose prototype members are the
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specifically, it shows the most significant homology to the
human Luman protein (CREB3, Lu et al., 1997; and human
CREB-H, Omori et al., 2001). Tissue distribution of Atce1
transcripts revealed that it is restricted to late haploid round
spermatids and to elongating spermatids (Stelzer and Don,
2002). In addition, it was shown that an in vitro translated
ATCE1 protein binds to the NF-κB enhancer rather than to the
CRE element, suggesting that ATCE1 plays a role distinct from
that of CREM. Here we show that the ATCE1 protein localizes
specifically to the sperm acrosome and that it stays anchored to
the inner acrosome membrane even after the acrosome reaction
has occurred. We also show that ATCE1 can indeed transac-
tivate transcription of a reporter gene, specifically through the
NF-κB element. To our knowledge, this is the first report of a
transcription factor localized to the acrosome, and we suggest
that this acrosomal inner membrane localization might enable
transfer of ATCE1 into the zygote.
Materials and methods
Antibody production and affinity purification
Two polyclonal antibodies were raised in rabbits against synthetic or
recombinant ATCE1 peptides, both of which represent sequences from the N-
terminus of ATCE1. This region shows no sequence similarity to any other
member of the CREB/CREM family of transcription factors or to any other
mouse peptide present in the various databases. The first antibody was raised
against the short synthetic peptide ETSPGRDSGVSEDPGS (amino acids 6–21),
whereas the second antibody was raised against a recombinant fusion protein
consisting of the ATCE1N-terminus (amino acids 2–103) fused in-frame, and C-
terminally to GST (GST-ATCE1). The immune sera were affinity purified on a
GST-ATCE1 Sepharose column, and antibody specificity was verified by ELISA
(Supplementarymaterial, Fig. S1). Subsequent experiments were conductedwith
both antibodies revealing identical results.
Protein extraction, immunoprecipitation and Western blotting
Proteins were extracted from the various tissues with RIPA buffer (Tris pH
7.4 50 mM, NaCl 150 mM, EDTA 1 mM, NaF 50 mM, SDS 0.1%, Triton X-100
1%, NaDeoxycholate 1%, NaVO4 0.2 mM supplemented with anti-protease
cocktail), incubated on ice for 1 h and centrifuged at 10,000×g for 20 min.
Insoluble material was then incubated for 1 h on ice with urea buffer (100 mM
DTT, 9.8 M urea and 100 mM Tris, corrected to pH 7.4) for further extraction of
proteins from the insoluble material, and lysates were centrifuged at 10,000×g
for 20 min to remove yet insoluble material. Cellular fractionation of cultured
cells was basically performed according to Braiman et al. (2001). In short, cells
were pelleted at 500×g for 10 min at 4°C, resuspended in sonication buffer (Tris
HCl pH 7.4 50 mM, NaCl 150 mM, EDTA 2mM, EGTA 1 mM, sucrose 25 mM,
supplemented with anti-protease cocktail), homogenized in a Dounce glass
homogenizer and centrifuged at 1100×g for 5 min at 4°C (pellet 1 and
supernatant 1). Pellet 1 was washed twice with PBS, resuspended in buffer B
(50 mM HEPES, 25% glycerole, 0.42 M NaCl, 1.5 mM MgCl2 and 0.2 mM
EDTA, supplemented with anti-protease cocktail) for 45 min (short vortex every
5 min) and centrifuged at 30,000×g for 45 min at 4°C to obtain pellet 2 and
supernatant 2. Pellet 2 was discarded whereas supernatant 2 contained the
soluble nuclear fraction. Supernatant 1 was centrifuged at 31,000×g for 60 min
(pellet 3 and supernatant 3) and the supernatant from this centrifugation
(supernatant 3) was further centrifuged at 190,000×g for 60 min (pellet 4 and
supernatant 4) to collect the light-density microsome fraction, or the inner
membrane (IM) fraction (pellet 4). Supernatant 4 contained the soluble
cytoplasmic fraction. To further discriminate between peripheral or integral
membrane proteins within the IM fraction, the pellet (pellet 4) was resuspended
in 50 μl of sodium carbonate 0.15 M at pH 11.3 (or alternatively 0.2 M at pH9.6) for 30 min in 4°C, according to Gibson et al. (2005) with minor
modifications, and centrifuged at 100,000×g for 15 min at 4°C. The pellet of
this centrifugation consisted of integral membrane proteins whereas the
supernatant contained the non-integral peripheral proteins. All fractions were
stored at minus 70°C until use. For immunoprecipitation, 1 mg total protein from
each sample was brought to a final volume of 2 ml with PBS containing 0.55%
Triton X-100, and incubated under gentle agitation for 2 hours at 4°C with 20 μl
slurry of protein A/G PLUS-Agarose bead (Santa Cruz), to remove proteins
binding non-specifically to the beads. Beads were removed by centrifugation at
20,000×g for 1 min and supernatant was transferred into new microcentrifuge
tubes. 5 μg of affinity purified anti-ATCE1 antibody was added to each tube and
incubated overnight at 4°C with agitation, followed by addition of 30 μl slurry of
the protein A/G Agarose bead and incubation for 2 h at 4°C with agitation.
Beads were then washed 5 times with PBS, boiled 5 min in 2% SDS containing
loading buffer and resolved by SDS PAGE. For Western blotting analysis
proteins were resolved by SDS PAGE and then transferred to a nitrocellulose
membrane which was blocked for 1 h with 5% skim milk in PBST (PBS
containing 0.05% Tween), incubated overnight with affinity purified anti-
ATCE1 antibodies (diluted 1:1000 in 1% skim milk PBST), washed with PBST
and incubated for 1 h with alkaline phosphatase (AP) conjugated monoclonal
anti-Rabbit IgG antibody (Sigma), diluted 1:3000 in PBST. Signal was
visualized by a colorimetric reaction with the AP substrate Western Blue®
(Promega).
Plasmids, constructs and mutagenesis
For constructing the GST-ATCE1 plasmid, ATCE1N-terminus coding region
was PCR amplified using the following primers: forward 5′-CCCCCggatccA-
TACACTGCTCAGAAACATCTCCT-3′ and reverse 5′-GGGGGActcgagG-
GACGGCATGGCTGCAGG-3′. BamHI/XhoI digested PCR product was
cloned at the corresponding sites into pGEX-4T-1 (Pharmacia) in frame to
Glutathione-S-Transferase (GST). For constructing various HA-tagged ATCE1
plasmids, PCR fragments coding for either full-length or C-terminal deleted
ATCE1 were amplified using the same forward primer: 5′-CCCCCgaatt-
cACTGCTCAGAAACATCTCCTG-3′ but different reverse primers: 5′-
CCCCCctcgagCTCATCTGTATGCACCATTCC-3′ and 5′-AAAAActc-
gagGTCTGGGCAGCTCTGCTG-3′, respectively. EcoRI/XhoI digested PCR
products were cloned at the corresponding sites into the pCMV-HA expression
vector (Clontech) obtaining the pHA-ATCE1 and pHA-ATCE1-C-del vectors.
The Putative Trans Membrane Domain (PTMD, amino acids 220–237) was
deleted from pHA-ATCE1 using the following primers: forward 5′-CAGAC-
CAGCACCTGTGTTTTTCAGGGTCAATCAGAAG-3′, and reverse 5′-
CTTCTGATTGACCCTGAAAAACACAGGTGCTGGTCTG-3′. The N-term-
inal domain (amino acids 10–131) was deleted from both pHA-ATCE1 and
pHA-ATCE1-C-del, using the QuickChange Site Directed Mutagenesis kit
(Statagene) and the following primers: forward 5′-CACTGCTCAGAAA-
CATCTCCTACCAAGGCAGAGGAGAGAATAC-3′, and reverse 5′-GTAT
TCTCTCCTCTGCCTTGGTAGGAGATGTTTCTGAGCAGTG-3′. This
gave rise to the pHA-ATCE1-N-del and pHA-ATCE1-C-del-N-del vectors.
Directional 5 tandem repeats of either NF-κB or CRE elements were created
as follows: For the NF-κB repeats the following complementary oligonucleo-
tides 5′-gatccCTCGGAGGGGAATCTCCCGGGTTACTa-3′ and 5′-gatctAG-
TAACCCGGGAGATTCCCCTCCGAGg-3′ (taken from the IL-2 receptor-α
promoter sequence) were used, whereas for the CRE repeats we used the
oligonucleotides 5′-gatccGTATGTAGTGACGTCACAAGAGAGCa-3′ and 5′-
gatctGCTCTCTTGTGACGTCACTACATACg-3′ (taken from the Transition
Protein 1 promoter sequence). Briefly, for each construction, 2 μg of oligos was
incubated with 5 units of BamHI, 5 units BglII and 0.1 unit of T4 DNA ligase in
manufacturer's ligation buffer (ROCHE) at 37°C for 60 min, after which an
aliquot of 0.5 μg DNA, 2.5 units BglII, 2.5 units BamHI and 0.1 unit ligase was
added every 30 min for 2 h under the same conditions. After additional 30 min at
37°C, ligase was inactivated at 70°C for 15 min. To verify that fragments ligated
in the undesired orientation are digested, 10 units of both BamHI and BglII were
then added for additional incubation at 37°C for 60 min. Upon phenol
extraction, a 165 bp fragment was isolated from a 2.5% TBE agarose gel,
purified and cloned into the Firefly luciferase reporter vector (pGL3, Promega)
via BglII site. Composition and orientation of all constructs were verified by
sequencing.
Fig. 1. Tissue specificity of ATCE1's expression. Membrane-bound proteins
were extracted from the indicated tissues, using urea buffer on insoluble pellet
obtained following standard extraction procedure (see Materials and methods)
and analyzed (about 50 μg/sample) by Western blotting using anti-ATCE1
antibodies.
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4-μm paraffin sections were deparaffinated in xylene and rehydrated by
decreasing ethanol solutions (100–30%). Antigen retrieval was performed by
heating in a microwave at maximum intensity for 2 min, and for additional
13 min at 20% intensity, in 0.01 M sodium citrate (pH 6). After cooling in room
temperature for 15 min, slides were washed twice in PBS for 15 min and blocked
at room temperature for 1 h in blocking solution (20% Foetal Calf Serum and
0.1% Triton X-100 in PBS). Slides were then incubated overnight with anti-
ATCE, diluted 1:100 in blocking solution, at 4°C in a humidified chamber. After
washing in PBST (PBS×1 supplemented with 0.05% Tween) sections were
incubated with ALEXA 488 goat anti-rabbit (Molecular probes) diluted 1:500 in
blocking solution followed by PBST washes and nuclei staining with a
propidium iodide solution (10 mM Tris pH 8, 1 mM NaCl, 0.1% Nonidet P-40,
0.7 mg/ml RNase A, 0.05 mg/ml propidium iodide [Sigma]). Excess of dye was
washed with PBST followed by an additional wash in PBS. Slides were covered
with an anti-fade mounting solution (4% n-propyl gallate dissolved in 80%
glycerol and 20 mM sodium carbonate at pH 9.5), visualized and photographed
with a Bio-Rad MRC 1024 Laser Scanning Confocal Imaging System (Hemel
Hempstead, UK), equipped with a Kr/Ar ion laser and a Zeiss Axiovert 100
microscope (Carl Zeiss, Oberkochen, Germany).
Capacitation, acrosome reaction and immunostaining
Freshly excised epididymal cauda and vas deferens were minced in M2
medium allowing sperm to disperse at 37°C under 5%CO2 until it became turbid
(approximately 15 min). After spinning down debris, cells were capacitated by
incubating for an hour at 37°C under 5% CO2. Acrosome reaction was induced
by supplementing themediumwith calcium ionophore A23187 (Sigma) to a final
concentration of 5 μg/ml (from 5mg/ml stock solution in DMSO) and incubating
sperm for 30 min at 37°C under 5% CO2. Sperm were transferred to 1.5 ml
microcentrifuge tubes, centrifuged at 5000 rpm for 5 min, washed with PBS,
resuspended in 100 μl PBS, spread on Superfrost Plus slides (Menzel-Glaser) and
air dried. Spermwere stained according to the immunohistofluorescence protocol
mentioned above, with the only change being the replacement of Triton X-100 in
blocking solution with 0.5% NP-40. Detection of acrosome reacted sperm was
carried out using biotin conjugated Pissum Sativum Agglutinin (PSA) (Vector
laboratories) and ALEXA 488 conjugated streptavidin. In this case, ATCE1 was
identified with rabbit ant ACTE1 antibodies and ALEXA 594 chicken anti-rabbit
(Molecular probes) antibodies.
Cell cultures, transfection and transactivation assay
All cell lines were grown in DMEM supplemented with 10% Foetal Calf
Serum. HeLa and NIH 3T3 cells were transfected with the various HA-tagged
ATCE1 constructs using Metafectene (Biontex) according to the manufacturers
instructions. Cells were washed with PBS (supplemented with Ca+2/Mg+2 for
NIH 3T3) fixed in 4% formaldehyde, washed again and incubated in a blocking
solution at room temperature for 1 h. Slides were incubated overnight with either
anti-ATCE diluted 1:100 or monoclonal anti-HA (Babco) 1:1000, in blocking
solution at 4°C in a humidified chamber. After washing in PBST sections were
incubated with ALEXA 488 goat anti-rabbit or anti-mouse (Molecular probes)
diluted 1:500 in blocking solution followed by PBSTwashes and nuclei staining
with a propidium iodide solution. Excess of dye was washed with PBST
followed by an additional wash in PBS. Slides were covered with an anti-fade
mounting solution and visualized with a Bio-Rad MRC 1024 Laser Scanning
Confocal Imaging System as mentioned above. For transactivation analysis, 293
cells were co-transfected with 1 μg of pHA-Atce1 derivatives, 0.5 μg Firefly
Luciferase reporter vector (pGL3 derivatives) and 0.5 μg Renilla Luciferase
vector (pRL-TK), by the calcium phosphate method. Briefly, DNAwas diluted
in water (up to 40 μl) and mixed with CaCl2 to a final concentration of 0.5 M.
DNAwas then added to 40 μl of a 2× HeBS buffer (NaCl 0.283 M HEPES acid
0.05 M Na2HPO4 1.5 mM pH 7.05), incubated at room temperature for 25 min
and complexes were supplemented onto the cells. 24 h after transfection cells
were harvested, lysed, and Firefly and Renilla luciferase activities were assayed
by a Dual-Luciferase Reporter Assay System (Promega). Results were
normalized against the Renilla luciferase activity.Results
Temporal and spatial expression patterns of ATCE1 resemble
the acrosome development
To determine the tissue specificity of the ATCE1 protein,
extracts from six adult mouse tissues (testis, ovary, lung, kidney,
brain and spleen) as well as from epididymal sperm cells (at least
3×106 cells), were analyzed. Interestingly, applying standard
extraction procedures for soluble proteins, using RIPA buffer,
did not reveal an apparent signal in any of the tested tissues.
When ATCE1 was immunoprecipitated from the different
extracts, a weak, although specific, signal of about Mr 38,000
(slightly larger than the expected signal of Mr 35,000) was
immunoprecipitated only from testis, and to a lesser degree from
epididymal sperm cells and ovary. However, applying a more
stringent procedure, aimed at extraction of membrane proteins
(using urea buffer, Shetty et al., 2001), two apparent bands of
about Mr 35,000 and Mr 38,000 were specifically detected in
testis and ovary extracts. A slightly slower migrating signal, of
about Mr 44,000, was specifically detected in testis as a faint
band and as a prominent signal in epididymal sperm cells (Fig.
1). No signal was seen with preimmune sera or with antibodies
preincubated with the recombinant fusion protein prior to
analysis. These results suggest that ATCE1 is restricted to testis
epididymis and ovary, where it appears in multiple forms, and
that the protein is membrane bound.
To determine the cell specificity and the intracellular
localization of ATCE1 within the testis, immunohistofluores-
cence analysis was performed on testis sections (4 μm thick)
from adult mice. As expected, the protein starts to appear in
haploid spermatids (Fig. 2A). However, unexpectedly, an
ATCE1 signal was consistently observed as a semi-circular
pattern (or circular pattern depending on the sectioning plane)
around nuclei of round spermatids, reminiscent of the develop-
ing acrosome (Figs. 2B–C). This acrosomal-like staining
persisted until the very latest spermiogenic stages during
which the acrosome gradually enshrouds elongating spermatid
nuclei (Figs. 2D–E). NoATCE1 signal could be observed within
nuclei of haploid spermatids at any spermiogenic stage, in
contrast to control nuclear staining obtained with anti-protamine
antibodies (not shown). To follow more accurately the kinetics
of ATCE1 appearance in haploid spermatids, testis sections from
postnatal (pn) pups at various developmental stages were ana-
lyzed immunofluorescently. ATCE1 first appeared at pn day 24
Fig. 2. ATCE1 localization in adult testis and in testis of postnatal pups resembles acrosome development. Immunofluorescence analysis of paraffin embedded adult
(A–E) or postnatal (F–I) mouse testis sections using rabbit anti-ATCE1 antibodies and ALEXA 488 conjugated anti-rabbit secondary antibodies (green). Nuclei were
stained with propidium iodide (PI—red). (A) An overview at low magnification; (B–C) higher magnification of round spermatids; (D–E) higher magnification of
elongated spermatids; (F) day 21 postnatal testis; (G) day 24 postnatal testis and (H–I) day 27 post natal testis. Panels A, B, D, F–H demonstrate double staining, with
PI and ATCE1 localization images superimposed. Panels C, E and I represent ATCE1 localization. Scale bar indicates size in micrometer.
204 S. Gil et al. / Developmental Biology 298 (2006) 201–211as a concentrated dot like signal adjacent to nuclei of spermatids
(Figs. 2F–G). As cells from the first spermatogenic wave
progressed to a more advanced developmental stage, at pn day
27, the signal started to expand to a cap-like structure around the
nucleus (Figs. 2H–I). This is an unusual and unexpected tem-
poral pattern of accumulation of a transcription factor, since it
has been established that transcription ceases concomitantly
with chromatin compaction due to the replacement of histones
with protamines, a process that takes place in late round and
elongating spermatids (Hecht, 1995). Furthermore, nuclear
staining was never observed, as would be expected for an active
transcription factor, raising doubts about our initial hypothesisthat ATCE1 functions as a transcriptional regulator in haploid
spermatids. In fact, the intracellular localization of ATCE1
together with the kinetics of its appearance resembled the deve-
loping acrosome.
The results described above suggest that ATCE1 is an
acrosomal protein. If this is the case, one would expect to find it
in mature epididymal sperm cells as well. Immunocytofluores-
cence analysis was performed on mouse epididymal sperm cells
that had undergone capacitation in vitro. These experiments
revealed specific staining that seemed to reside on the inner
acrosome membrane (Fig. 3A). This localization was further
confirmed by electron microscopy of immunogold labeled
Fig. 3. ATCE1 localization to the inner acrosome membrane is unaffected by the acrosome reaction. (A) Capacitated epididymal sperm cells were immunostained with
rabbit anti-ATCE1 and ALEXA 488 conjugated anti-rabbit antibodies (green), followed by staining of nuclei with propidium iodide (PI—red). (B) Capacitated
(arrows) and acrosome reacted (arrowhead) sperm were distinguished by the use of biotin conjugated Pissum Sativum Agglutinin (PSA), a lectin that binds proacrosin/
acrosin, and ALEXA 488 conjugated streptavidin (green). (C and D) Co-localization of acrosin and ATCE1 in capacitated and acrosome reacted sperm cells,
respectively. In panels C and D acrosin was identified by biotin-PSA and ALEXA 488-streptavidin (green), whereas ATCE1 was detected by rabbit anti-ATCE1 and
ALEXA 594 conjugated anti-rabbit antibodies (red). Small boxes (A, C and D) correspond to 10 μm on each side.
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results were obtained with rat epididymal sperm cells as well
(not shown).
The acrosome is a unique protease-containing organelle that
releases its content during fertilization in a process termed the
acrosome reaction, assisting the sperm to penetrate the oocyte
(Barros et al., 1996). To determine whether ATCE1 is also
released from the acrosome during the acrosome reaction,
capacitated epididymal sperm cells were activated by the
calcium ionophore A23187 to undergo acrosome reaction, and
capacitated versus acrosome reacted sperm were compared im-
munofluorescently. In these experiments, acrosome reacted cells
were distinguished from capacitated unreacted cells by the use of
biotin conjugated Pissum Sativum Agglutinin (PSA), a lectin
that binds the acrosome-specific protein acrosin (Margalit et al.,
1997), and ALEXA 488 conjugated streptavidin (Fig. 3B). As
can be seen in Figs. 3C–D, ATCE1 is not released from the
sperm by the acrosome reaction, but rather remains anchored to
the inner acrosome membrane.The C-terminal domain of ATCE1 determines its intracellular
localization
ATCE1 contains a putative nuclear localization signal (NLS),
and its abilities to bind DNA in vitro were recently established
(Stelzer and Don, 2002). We therefore proposed that despite its
acrosomal localization, ATCE1 might translocate to the nucleus
under specific circumstances. To this end, various HA-tagged
ATCE1 constructs (Fig. 4A) were introduced into both NIH3T3
and HeLa cells. Monoclonal anti-HA antibodies, as well as our
anti-ATCE1 antibodies, were used to assess ATCE1 expression
and intracellular localization in these cells. The full-length
protein was excluded from the nucleus and localized to the
cytoplasm (Figs. 4B–C). More specifically, it seemed to localize
to the ER and to the Golgi apparatus. This was further confirmed
by the co-localization of ATCE1 and a specific ER glycoprotein
marker (detected by the H-69 antibody obtained from Develop-
mental Studies Hybridoma Bank, University of Iowa), as can be
seen in Figs. 4H–J. A hydropathy plot, using the Kyte-Doolittle
Fig. 4. Immunofluorescence analysis of various HA-tagged ATCE1 constructs expressed in HeLa cells, using mouse anti-HA monoclonal antibody followed by
ALEXA 488 conjugated anti-mouse (green). Cell nuclei were stained with propidium iodide (PI—red). (A) Various HA-tagged ATCE1 constructs expressed in HeLa
cells. (B–C) HA-tagged full-length ATCE1 (HA-ATCE1) is excluded from the nucleus; (D–E) HA-ATCE1 C-terminal deletion (HA-ATCE1-C-del) translocates to
nuclei of transfected cells; (F–G) HA-ATCE1 N-terminal deletion (HA-ATCE1-N-del) is excluded from the nucleus and localizes to the Golgi apparatus of transfected
cells; (H–J) HA-ATCE1 (full length) co-localizes with a specific ER glycoprotein marker (detected by the H-69 antibody obtained from Developmental Studies
Hybridoma Bank, University of Iowa). Panels B, D and F demonstrate double staining, with PI and ATCE1 localization images superimposed. Panels C, E and G
represent ATCE1 localization. Panel H demonstrates double staining of ER marker and HA-ATCE1, I represents ER marker localization and panel J represents HA-
ATCE1 localization. Scale bar, 10 μm.
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Fig. S3) revealed a highly hydrophobic region corresponding to
a stretch of 19 amino acids (aa 219–237) that were located just
C-terminal to the leucine zipper. This domain was termed
“Putative Trans Membrane Domain” (PTMD) and could
possibly account for the nuclear exclusion of the full-length
protein. To address this possibility, we deleted this hydrophobic
stretch, but the deletion did not confer nuclear localization to the
HA-ATCE1 fusion (not shown). However, deletion of the entire
C-terminal region (aa 216–314), including the PTMD, allowed
ATCE1 to readily enter the nucleus (Figs. 4D–E), indicating the
existence of an additional sequence within the deleted C-
terminus region that enforces membrane localization and
compensates for the lack of an established canonical signal
peptide. Removal of the N-terminus from ATCE1 (HA-ATCE1-
N-del) resulted in a Golgi staining pattern (Figs. 4F–G) that
could also be reversed by removing the C-terminus (HA-
ATCE1-N-del-C-del) in which case the protein is again directed
into the nucleus (not shown). These results suggest that the N-
terminus of ATCE1 does not play a critical role in directing it to
the ER and Golgi apparatus, while the C-terminus of ATCE1
restricts nuclear translocation. Immunoblotting analysis of
proteins obtained following intracellular fractionation of the
transfected cells revealed that the HA-ATCE1 (full length) was
indeed restricted to the inner membrane fraction, with no signal
in the nuclear fraction (Supplementary material, Fig. S4A–B).
Moreover, this form of ATCE1 was an integral membrane
protein as revealed by a sodium carbonate (0.15 M pH 11.3 or
alternatively 0.2 M pH 9.2) treatment to discriminate between
peripheral and integral membrane proteins (Supplementary
material, Fig. S4C). The C-terminally deleted form of ATCE1,
however, could readily be detected in the nuclear fraction
(Supplementary material, Fig. S4A). These results are consistent
with ATCE1's acrosomal localization in sperm, since the
acrosome evolves from Golgi deposited granules (Ramalho-
Santos et al., 2002).
ATCE1 acts as a potent transactivator
Based on its resemblance to the family of the CREB
transcription factors and given the glutamine-rich domains
within it, which are known to be involved in recruitment of the
transcriptional machinery, ATCE1 was proposed to have trans-
criptional activation capacities. A functional approach was
utilized to test this possibility. Two reporter plasmids, pNF-κB-
Luc and pCRE-Luc, were constructed to test ATCE1-mediated
transcriptional activation. The reporter plasmid pNF-κB-Luc
consisted of 5 tandem repeats of the NF-κB binding sequence
from the IL-2 receptor-α promoter (shown to specifically bind
ATCE1 by EMSA experiments (Stelzer and Don, 2002)),
upstream of a minimal promoter in the pGL3 promoter vector
(Promega), allowing transcriptional control of the Firefly
luciferase gene. A structurally similar control plasmid, pCRE-
Luc, was constructed in which the Firefly luciferase gene was
under transcriptional control of 5 CRE tandem repeats (derived
from the Transition Protein 1 promoter) adjacent to a minimal
promoter. HEK293 cells were co-transfected with various HA-ATCE1 constructs together with the reporter plasmid, pNF-κB-
Luc, or the control plasmid, pCRE-Luc. Another plasmid, pRL-
TK (Promega), in which a synthetic Renilla luciferase gene was
constitutively expressed, was also introduced to the cells to serve
as a reference control. Firefly and Renilla luciferase activities
were assayed by a Dual-Luciferase Reporter Assay System
(Promega) and results were normalized against the Renilla
luciferase activity. Cells co-transfected with HA-ATCE1 (full
length) and pNF-κB-Luc exhibited a 120% increase in Firefly
luciferase activity as compared to cells co-transfected with pNF-
κB-Luc and an empty expression vector (pCMV-HA). However,
when the C-terminal deleted nuclear form of HA-ATCE1 was
co-transfected with pNF-κB-Luc, a marked dose-dependent
increase in Firefly luciferase activity was apparent. Cells
expressing this form of ATCE1 demonstrated a 320% or 500%
increase in luciferase activity when compared to the pNF-κB-
Luc and pCMV-HA co-transfection or to C-terminally deleted
HA-ATCE1 and pCRE-Luc expressing cells, respectively,
demonstrating the potent transactivation capabilities of HA-
ATCE1 (Fig. 5).
Discussion
ATCE1 was previously identified as a new member of the
LZIP subtype of the CREB family of transcription factors
(Stelzer and Don, 2002). ATCE1 contains a complete bZIP
domain, including a putative nuclear localization signal, two Q
regions that flank the bZIP domain and two potential PKA
phosphorylation sites (S13 and S91). These features suggested
that ATCE1 functions as a transcriptional activator rather than
a repressor. This assumption could be further supported by the
fact that other members of the LZIP subfamily, such as the
Drosophila BBF-2 or the human CREB-H, were all shown
to function as transcriptional activators (Abel et al., 1992;
Omori et al., 2001; Smolik et al., 1992). Western analysis that
was performed to follow ATCE1's tissue specificity, revealed
specific signals of about Mr 35,000 and Mr 38,000 in testis
and ovary with an additional faint testicular signal of about Mr
44,000 that was more prominent in epididymis. Noteworthy, a
rather harsh protein extraction procedure (using urea buffer)
aimed at extraction of membrane proteins, had to be applied to
detect these apparent specific signals, suggesting that ATCE1
appear mainly as a membrane-bound protein. Two splicing
variants of Atce1/Tisp40 appear in the data bases, both of
which were reported by Nagamori et al. (2005) to be present
in the testis (Tisp40α and β). The two transcripts are con-
ceptually translated into 35 and 41 kDa peptides with the
longer peptide being an extended form of the shorter one by
addition of 55 amino acids to its N-terminus. Moreover,
Nagamori et al. (2005) have nicely shown that in Hela cells
these proteins are glycosylated, suggesting that the Mr 35,000
and 38,000 bands we obtained in testis and ovary represent
unglycosylated and glycosylated forms of the shorter ATCE1
peptide, respectively, whereas the Mr 44,000 signal that
appeared in the testis and dominated the epididymal expres-
sion of ATCE1, is a glycosylated form of the longer ATCE1
peptide.
Fig. 5. ATCE1 activates transcription of Firefly luciferase reporter constructs. HEK293 cells were co-transfected with pNF-κB-Luc, or the control plasmid, pCRE-Luc
and a pCMV-HA vector either expressing a HA-tagged ATCE1, HA-C-terminal deleted ATCE1, or HA without ATCE1 as a negative control. All cells were co-
transfected with the pRL-TK, expressing Renilla luciferase, serving as a control for normalizing transfection efficiency. Reporter gene activity was assayed 48 h after
transfection and is expressed as Relative Luciferase Units. A key for plasmids used for transfection is presented. Total DNA used for all transfections was 2 μg
consisting of: pRL-TK—0.5 μg, Firefly luciferase reporter plasmid—0.5 μg, and 1 μg of HA-tagged ATCE1 (either full-length, C-terminal deleted or HA alone).
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round and in elongating spermatids, corresponding to develop-
mental stages considered transcriptionally silent. Moreover,
ATCE1 could not be detected in the nucleus of haploid
spermatids at any developmental stage but rather its expression
pattern resembled the developing acrosome. In fact, ATCE1
seems to be anchored to the acrosome inner membrane, as we
have shown by immunogold electrone microscopy and immu-
nofluorescence staining of capacitated or acrosome reacted
epididymal cells. These features, that are in accordance to our
abovementioned conclusion that ATCE1 is a membrane-bound
protein, do not favor a function for ATCE1 as an active trans-
cription factor during spermiogenesis. Moreover, it raised
doubts as to its ability to function as a transcriptional activator
despite its favorable structural characteristics. The ability of
ATCE1 to actually activate transcription was experimentally
tested in various cell lines, and we showed that a C-terminallytruncated form of ATCE1 efficiently activated expression of a
reporter gene through an NF-κB binding element (but not CRE
element) in a dose-dependent and sequence-specific manner.
These results, together with our previously reported evidence
that ATCE1 binds specifically to the κB element in an
electrophoretic mobility shift assay (Stelzer and Don, 2002),
establish ATCE1 as a potent transcription factor and substanti-
ates it as a distinctive member of the family that utilizes NF-κB
binding element, rather than the expected CRE cis regulatory
element, for transcriptional activation. It is noteworthy, however,
that Nagamori et al. (2005) were not able to show binding of a
6Myc-tagged Tisp40α (ATCE1) to an NF-κB element. This
discrepancy is not clear to us. It is possible, however, that the
addition of the 6Myc tag (23 kDa) has altered the affinity of the
protein to the κB element.
What can be the function of ATCE1? Nagamori et al. (2005)
proposed that this membrane-bound protein is activated through
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enables it to enter the nucleus and activate expression of
unfolded protein response (UPR) genes. These genes are
important for removal of missfolded proteins that upon
accumulation might cause apoptosis. Increased apoptosis of
germ cells that was observed in the adluminal regions of the
somniferous tubule of Creb3l4−/−mice (Atce1 also referred to as
Creb3l4) by Adham et al. (2005), provides some support to this
hypothesis. Thus this could indeed be part of the story assuming
that transcriptional activity still exists to a certain extent in late
round and in elongating spermatids, and that the amount or
conformation of functional nuclear ATCE1 in these cells was
undetectable in our immunofluorescence analysis due to levels
below the detection threshold or masking of antigenic domains,
respectively. However, it is harder to explain ATCE1's function
in epididymal sperm cells bearing a very tightly condensed
chromatin, implying it is transcriptionally inactive, and where
ATCE1 localization to the acrosome inner membrane is appa-
rent. Why would a transcription factor be anchored to the
acrosome inner membrane? It could be that the presence of
ATCE1 in mature sperm is vestigial, after functioning in gene
regulation during spermiogenesis, but this seems an unfavorable
explanation since ATCE1 is targeted to the developing acrosome
immediately after being translated. It implies, therefore, that
ATCE1 has a distinct epididymal role exerted by the longer form
of ATCE1 that is dominant in the epididymis. Functions attri-Fig. 6. A model of the putative action of ATCE1 within the zygote. It is proposed th
engulfment of the sperm head during fertilization. The C-terminus of ATCE1 is th
candidates), releasing the active transcription factor from the inner acrosome membran
homodimer or as a heterodimer consisting of ATCE1 and an NF-κB subunit or, posbuted to proteins that have been localized to the inner acrosome
membrane are all involved with either proteolitic processes or
sperm–egg interactions. This is the case with sperm acrosomal
membrane-associated protein 14 (SAMP14), SP-10, CD46, and
PH-20 (Cherr et al., 2001; Hamatani et al., 2000; Inoue et al.,
2003; Li et al., 1997; Shetty et al., 2003). Moreover, in the
mouse, a portion of acrosin, an acrosome-specific serine pro-
tease that is activated and secreted upon acrosome reaction, stays
anchored to the inner acrosome membrane after acrosome
reaction and binds zona pellucida 2 protein thus retaining the
acrosome reacted sperm (Howes et al., 2001). Accordingly, it is
possible that ATCE1, as an acrosomal protein, plays some role
unrelated to gene regulation such as in sperm–egg recognition or
egg activation during fertilization. However, such a function
would not utilize ATCE1's transcriptional activation capabil-
ities. An intriguing speculation regarding ATCE1's epididymal
function would be that it is a paternally delivered transcription
factor that might function in early zygotic gene activation.
ATCE1, as a bZIP protein, is expected to act as a homodimer or
as a heterodimer, suggesting the intriguing scenario that the
active transcription factor is a dimer composed of one maternal
and one paternal component that complement each other (Fig.
6). This would ensure that zygotic genes would not be expressed
until after the paternal contribution has arrived, and it is in
accordance with the notion that the sperm's contribution to the
zygote is more than just a haploid genome (Ostermeier et al.,at ATCE1 enters the egg anchored to the intact inner acrosome membrane after
en cleaved (members of the I-CLiP or Calpain protease families are potential
e and enabling its nuclear localization. ATCE1, as a bZIP protein, acts either as a
sibly, a maternal form of ATCE1, to activate κB regulated zygotic genes.
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the protein to avoid secretion from the acrosome during
acrosome reaction. Moreover, this region of the sperm
membrane is engulfed by the egg so that it remains intact during
fusion of the sperm and egg plasma membranes (Barros et al.,
1996). Once ATCE1 is in the egg, truncation-mediated activa-
tion could be executed by an intramembrane-cleaving protease
(I-CLiPs). I-CLiPs have been shown to release ATF6, which
structurally resembles ATCE1, from its membrane anchorage
allowing it to enter the nucleus and induce transcription of
unfolded protein response (UPR) genes (Weihofen and Marto-
glio, 2003). Moreover, ATCE1/Tisp40α was actually shown to
serve as a potential substrate to S1P, a protease affiliated to the I-
CLiPs family (Nagamori et al., 2005).
Several recently published reports are also in line with this
hypothesis. Novel κB-binding proteins were suggested to
provide alternative mechanisms for regulation of gene expres-
sion via the κB motif in the early mouse embryo, since rel
dimmer translocation into the nucleus was not evident (Parrott
and Gay, 1998). Although this latter observation is a matter of
controversy, the importance of embryonic gene activation via
NF-κB elements was exemplified by the fact that NF-κB binding
inhibitors, introduced into very early one-cell embryos, hindered
progression of embryos to subsequent stages (Nishikimi et al.,
1999). Given that ATCE1 can utilize the κB element to activate
transcription of target genes, it might either serve as an alter-
native mechanism for regulation of gene expression via the κB
motif, or it might function in conjunction with NF-κB to activate
early embryonic genes. It is important to note that NF-κB can
physically interact with the bZIP domain of several CREB/ATF
family members via its Rel Homology Domain (Gutsch et al.,
1994; Stein et al., 1993). Secondly, Ziyyat and Lefevre (2001)
suggested the existence of a sperm factor that accumulates
during spermiogenesis and is needed to support zygotic genome
activation since this process occurs less efficiently in oocytes
injected with round spermatids than with mature spermatozoa
(Ziyyat and Lefevre, 2001). This factor might be ATCE1.
Finally, PKA was shown to be highly expressed in one-cell
embryos, and PKA-dependent phosphorylation has been
suggested to be required for zygotic genome activation (Zeng
et al., 2004). Transcription of HSP70, one of the first zygotic
genes to be transcriptionally activated is hindered by the inhibi-
tion of PKA activity. Given that ATCE1 is affiliated to the CREB
transcription factors that are known to be activated by PKA, it is
possible that it is involved in PKA-dependent zygotic genome
activation.
Our paternally delivered transcription factor hypothesis must,
however, be reserved and considered with caution since it still
awaits experimental testing. Moreover, targeted mutation
experiments of Atce1 (Creb3l4−/−) revealed that these knockout
male mice, when breeded with wild-type females, were produc-
tive and the average litter size was not significantly reduced
(Adham et al., 2005). This is not a phenotype one would expect
from a knockout of an important transcription factor for zygotic
genes, unless there is some functional redundancy by other
genes, as has been shown for several important genes such as the
PIM genes (van der Lugt et al., 1995).In conclusion, although many question regarding ATCE1's
function remained open, we have proposed an intriguing
testable hypothesis that is indeed currently under investigation.
This hypothesis, if born true, might have important implications
in understanding unexplained male infertility or in embryonic
cloning efficiency.
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